background: Animal models of uterus transplantation are being developed ahead of a possible treatment for absolute uterus infertility in women. Our knowledge of inflammatory cell involvement in acute rejection of a uterus transplant is limited; therefore, we examined the pattern of invasion of leukocyte subtypes into an allogeneic uterus transplant.
Introduction
The research area of uterus transplantation is actively pursued in several animal models with the aim to develop a potential treatment for women with absolute uterus infertility. This group of patients includes those who have had hysterectomy for benign or malignant cervical/uterine disease, patients with uterus agenesis (MayerRokitansky -Kuester-Hauser syndrome) and patients with severe intrauterine adhesions (Altchek, 2003) . The research on the topic of uterus transplantation has been ongoing for .40 years but has recently become more intense after the first and only human uterus transplantation attempt (Fageeh et al., 2002) , which however failed. In the 1960s and early 1970s, several experimental studies in various large animal models were performed on transplantation of internal female genital organs, including the uterus. The experiments mainly involved autotransplantation, where the rejection of the transplanted organ is avoided. Even though the surgery in the dog was successful in terms of gross survival of the uterus, function of the autografts was very poor with a pooled pregnancy rate of only 15% (Eraslan et al., 1966; Mattingly et al., 1970; Scott et al., 1970 Scott et al., , 1971 Yonemoto et al., 1969) .
Our group recently presented a uterus transplantation model that involves syngenic uterus transplantation in the mouse (Racho El-Akouri et al., 2002) , with the native uterus kept in situ as an internal control. This uterus transplantation model proved functionality since it could support pregnancy to term with a pregnancy rate of 80% and offspring developing into normal fertile adults (Racho El-Akouri et al., 2003a, b) .
In all allogenic organ transplantations, rejection is still the main obstacle to overcome. This host-versus-graft rejection occurs owing to a complex interplay between cells and soluble mediators of the immune system and the grafted tissue. The basis of this interplay is the recognition of foreign HLA antigens, encoded by the major histocompatibility complex (MHC). The MHC is divided into MHC class I, presented on all nucleated cells, and MHC class II, expressed on specific antigen presenting cells (APCs) such as macrophages and dendritic cells (Ryschich et al., 2003) . The APCs of the host have the capacity to present fragments of donor-specific antigens of the transplant to CD4 þ helper T-cells of the host. This leads to an activation of CD4 þ helper T-cells that initiates clonal expansion and production of specific cytokines to mobilize other types of inflammatory cells into the graft. Cytotoxic (CD8 þ ) T-cells recognize foreign MHC class I molecules and upon activation start a clonal expansion that initiates destruction of cells of the graft. Even though T-cells seem to be the major effector cells during acute rejection of a transplant, other inflammatory cells also contribute to the progression of rejection. The relative proportion and density of different immune cells in rejecting tissue differ between organs and with the grade of rejection (Hancock et al., 1983; Hall et al., 1984; McWhinnie et al., 1986; Ahmed-Ansari et al., 1988; Bishop et al., 1992) . We have previously studied the rejection pattern in allogenic uterus transplants in mice, and examinations such as gross morphology and conventional histology indicate that rejection is present at Day 5 (D5) post-transplantation (El-Akouri et al., 2006) . In subsequent experiments in the mouse, mono-therapy with cyclosporine A (CyA) prolonged graft survival but did not abolish rejection (Wranning et al., 2007b) . Despite the recent years efforts in research on uterus transplantation, the knowledge about spatial and temporal patterns of allograft rejection of a uterus is still very limited (Brannstrom and Wranning, 2007) .
The aim of the present study was to characterize the distribution of several subtypes of leukocyte in an allogenic grafted uterus during rejection.
Materials and Methods

Animals
Inbred female mice of C57Bl/6 and BALB/c (M&B A/S, Ry, Denmark) strains at 6-8 weeks of age were used. The mice were housed in a controlled condition (21 -238C, relative humidity of 50 -60%, with illumination between 07:00 and 19:00 h), and they had free access to water and food. A total of 36 animals were operated. Thirteen animals were excluded owing to per operative complications, such as hemorrhage, and seven animals were excluded owing to the absence of blood flow in the artery and/or vein of the graft after anastomosis. Thus, only 16 animals remained and were randomly allocated for euthanization and tissue sampling on D2 (n ¼ 5), D5 (n ¼ 5) and D10 (n ¼ 6) after transplantation. The experiments were approved by the Animal Ethics Committee in Göteborg and the Institution Review Board.
Transplantation surgery
BALB/c mice served as uterus donors and C57Bl/6 were used as recipients. The surgery is described in detail elsewhere (Racho El-Akouri et al., 2002) and is only briefly outlined below. Under isoflurane anesthesia, a xiphopubian laparotomy was performed to isolate the right uterine horn connected to the common uterine cavity and the cervix. In the specimen, the feeding and draining vessels up to the aorta and vena cava were included. The uterine specimen was divided at the levels of the branching of the left uterine horn, upper vagina and right oviduct. After cannulation of the aorta, the uterus was flushed in situ with 0.154 M NaCl (þ48C) supplemented with heparin sulfate (100 IU/ml) and xylocaine (0.2 mg/ml; Astra Zeneca, Gö teborg, Sweden) to empty the organ of blood. The uterus was then put on ice, whereas the donor was surgically prepared.
In the recipient, the native uterus was left intact in situ. The aorta and the vena cava were mobilized, and hemostatic clamps were placed en bloc around these vessels at a cranial and caudal position of the intended anastomosis site. The clamping time of the aorta and the vena cava was 30 -40 min. Aortic -aortic and caval -caval end to side anastomosis were performed using 11-0 nylon suture. The cervix, with a vaginal rim of 1 mm of the graft, was brought through an opening of the abdominal wall, and the vaginal rim was sutured to the skin to create a stoma. After closure of the abdomen, 1 ml of 0.154 M NaCl and 1 ml of glucose (50 mg/ml) were administered s.c. to compensate for fluid loss and counteract hypoglycemia.
Immunohistochemistry
The mice were euthanized at D2, D5 and D10 after transplantation. Tissue pieces of the entire cross sections of the native and grafted uteri were harvested and either fixed in 4% w/v formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) or embedded fresh in OCT compound (Sakura Finetek Europe BV, Zoeterwoude, the Netherlands) and frozen. Formaldehyde-fixed specimens were dehydrated, embedded in paraffin and sectioned (around 4 mm thickness) for immunohistochemistry against Mac-3 to detect macrophages (dilution 1:50 of primary monoclonal rat-anti-mouse immunoglobulin G antibody; BD Biosciences, Franklin Lakes, NJ, USA). Frozen tissue was cryo-sectioned, fixed in acetone and incubated with primary monoclonal rat-anti-mouse antibodies against markers for B-cells (anti-CD19, dilution 1:250; BD Biosciences), cytotoxic T-cells (anti-CD8, dilution 1:250; BD Biosciences), helper T-cells (anti-CD4, dilution 1:500; BD Biosciences) and neutrophils [neutrophil allotypic marker (MCA 771G) dilution 1:250; Serotec, Oxford, UK].
The specificities of the monoclonal antibodies have been evaluated by the manufacturers and other research groups; macrophages (Flotte et al., 1983) , B-cells (Krop et al., 1996) , CD8
þ T-cells (Takahashi et al., 1992) , CD4 þ T-cells (Kopfstein et al., 2007) and neutrophils (Hirsch and Gordon, 1983) . Visualization was obtained by the use of mouse-adsorbed rabbit-anti-rat secondary antibody (Vectastain ABC peroxidase kit and DAB substrate kit; Vector Laboratories, Burlingame, CA, USA). The slides were examined using a light microscope with a Â10 eyepiece and a Â40 objective, resulting in a magnification of Â400. The density of positively stained cells was estimated by counting the number of positive cells within a lined grid (10 Â 10 squares) occupying an area of 0.125 mm 2 . Three sections of native and grafted uteri from each individual animal for each examination day were evaluated for each antibody. In each uterus, five randomly chosen areas were counted within the myometrium and five areas were counted within the endometrium. The random allocation of fields was accomplished by turning any of the position wheels of the slide while not looking through the microscope. The observer was blinded to the experimental group (n ¼ 5-6 animals at each time point) of the specimen and a second observer confirmed the results. The means of these values were used as data points. The intra-and inter-assay variations were 9.3% and 9.1% respectively (Figs 2-6). Negative controls were obtained by replacing the primary antibody with serum (BD Biosciences) of the same isotype as the primary antibodies, diluted to the same concentrations. No staining was seen in any of the negative controls. Positive control tissues for all antibodies were mouse spleen, thymus and intestine containing Peyer's patches. Typical staining patterns were seen for each antibody, as sign of antibody specificity.
Statistical analyses
For analysis of data, non-parametric tests were used. Kruskal -Wallis rank test followed by Mann-Whitney U-test was used when comparing different time points. Wilcoxon ranked sign test was used for paired data when comparing native and grafted uteri within same animals. The data were calculated as absolute numbers of infiltrating leukocytes per surface area. A P-value of ,0.05 was considered to be statistically significant.
Results
Distribution and density of neutrophils
Low densities of cells positive for the neutrophil allotypic marker were seen in both myometrium and endometrium (Fig. 1a) of native uteri throughout the observation period ( Fig. 2a and b ). Higher density of neutrophils was seen in grafted uteri when compared with native uteri at D5 and D10 in the myometrium (Fig. 2a) and at D10 in the endometrium (Fig. 2b) .
The neutrophils that had infiltrated the graft were often grouped together (Fig. 1b) .
Distribution and density of macrophages
Macrophages staining positive for Mac-3 were distributed at equal densities in the myometrium and the endometrium of the native uterus ( Fig. 3a and b) . Markedly higher numbers of macrophages were seen in grafted uteri (Fig. 1d ) when compared with corresponding native uteri (Fig. 1c) with significantly higher density in the myometrium of the grafted uteri from D2 ( Fig. 3a) and in the endometrium (Fig. 3b ) from D5.
Distribution and density of T-cells
A relatively low density of CD8 þ cytotoxic T-cells was seen both in the myometrium and the endometrium of grafted uteri at D2 ( Fig. 4a and b) . Increased density in grafted uteri (Fig. 1f) when compared with native uteri (Fig. 1e ) was seen at D5 and D10 in the myometrium (Fig. 4a ) and at D5 in the endometrium (Fig. 4b) . The main location of the invading CD8 þ cytotoxic T-cells was the myometrium (Fig. 4a and b) .
The density of CD4 þ helper T-cells was lower than that of CD8 þ cytotoxic T-cells, with the density only increased over that of the native uterus at D5 in the endometrium ( Fig. 5a and b) . The CD4 þ helper T-cells were distributed in the tissue as single scattered cells ( Fig. 1g and h ). The median ratios of CD8
and D5 ranged between 0.38 and 1.90, with no significant differences between native and grafted uteri. At D5, the ratio was increased (P , 0.05) in grafted uteri in both the myometrium (median ratio ¼ 3.41) and endometrium (median ratio ¼ 4.79) when compared with the native uterus (data not shown).
Distribution and density of B-cells
Occasional cells, which stained positive for CD19, were present in both grafted and native uteri and randomly scattered throughout the Leukocyte subtypes in uterus rejection tissue (Fig. 1i ). There was a wide variation in the density of these cells between animals, and the greatest variation was seen in the myometrium of native uteri (Fig. 6a) . There was no significant difference in B-cell density between grafted and native uteri, or over time in either tissue ( Fig. 6a and b) .
Discussion
The clinical area of organ transplantation does not only involve transplantation of vital organs to save lives but also transplantation of organs that will enhance the quality of life of the recipient.
Figure 4 Density of CD8
þ T-cell in myometrium (a) and endometrium (b) of grafted and native mouse uteri on D2, D5 and D10 after transplantation. Filled circles indicate median, bars indicate 10 -90% range and boxes indicate 25 -75% range. a, significantly higher than native of the same day (P , 0.05); b, higher (P , 0.05); c, higher (P , 0.01) than D2 grafted uterus; n ¼ 5 at D2 and D5 and n ¼ 6 at D10.
Figure 5 Density of CD4
þ T-cells in myometrium (a) and endometrium (b) of grafted and native mouse uteri on D2, D5 and D10 after transplantation. Filled circles indicate median, bars indicate 10 -90% range and boxes indicate 25 -75% range. a, higher than native of the same day (P , 0.05); n ¼ 5 at D2 and D5 and n ¼ 6 at D10.
Transplantation of the hand and the face has recently reached the clinical setting (Dubernard et al., 1999; Devauchelle et al., 2006) .
Uterus transplantation has been proposed as a clinical treatment for a limited number of women with absolute uterus factor infertility (Brannstrom and Wranning, 2007) and who cannot or do not wish to use IVF surrogacy or adoption as means to form a family. One human uterus transplantation has been attempted so far (Fageeh et al., 2002) and although the surgery was successful, necrosis of the organ developed after 3 months owing to vascular occlusion that was possibly caused by rejection. It is our opinion that this human trial was premature as it was not supported by animal studies, including those of patterns of rejection and pharmacological means of suppressing rejection. One particular reason why studies of rejection and ways to control rejection are very important in the case of uterus transplantation is that immunosuppressant drugs will not only affect the recipient but also the prospective fetus (McKay and Josephson, 2006) .
In the present study, we attempted to induce a pronounced rejection process and therefore a fully allogeneic mouse model was used. It is well known that the severity of rejection varies between different donor and recipient strain combinations of mice (Zhang et al., 1996) . The MHC of the mouse H-2 is homologous to HLA in the human (Klein et al., 1983) . The haplotype H-2 of the donor BALB/c mouse strain in the present study and the recipient C57Bl/6 mouse strain shows dissimilarity in all alleles except that of the q locus, rendering this situation comparable with a clinical situation with disparity at both major and minor MHC loci. In addition, mice of C57Bl/6 strain respond to infectious and allogenic signals by mounting a strong Th1 cytokine response (interleukin-2, interferon g) that leads to efficient destruction of the foreign cells. Treatment with CyA attenuates this response and thus, in a transplant situation, promotes graft survival (Wang et al., 2003) . In studies of rejection processes and CyA effects on rejection, C57Bl/6 is therefore an ideal recipient strain.
In a previous study, using the same model as here, we used macroscopic and microscopic evaluation of the grafts and our results indicated massive rejection at D10 and necrosis at D28 (El-Akouri et al., 2006) . We also detected an influx of CD3 þ T-cells around D5 -D10 in the latter study. Thus, in the present study, we chose to examine the early time interval from D2 to D10 to study the early events of rejection when there is an influx of mediator cells. In transplantation, passenger APCs in the graft move to the spleen or secondary lymph nodes and activate T-cells which later attack the transplant. This event takes 3-7 days to occur (Game and Lechler, 2002) . It was assumed that infiltration of leukocytes into the graft was the result of a host-versus-graft rejection and thus infiltrating leukocytes were not haplotyped to determine their origin. We investigated the density of several different types of immune cell in the myometrium and the endometrium since the local immune system in those areas may be quite different. The endometrium, but not the myometrium, has contact with the external milieu and is thus more susceptible to infection. The endometrium also has a potent capacity to accept and implant a semi-allogenic or, in a situation with oocyte donation, a fully allogenic embryo. The requirement of the endometrium to manage these immunologically conflicting situations is reflected by the cyclic variations in density and localization of uterine immune cell populations (Robertson, 2000) and its immunogenicity (Kaushic et al., 2000) . We therefore hypothesized that the temporal and spatial infiltration of different subpopulations of leukocytes during rejection of the transplanted uterus would differ between endometrium and myometrium.
Neutrophilic granulocytes are the first immune cells to invade injured tissue during the early inflammatory response, especially in the endometrium (Critchley et al., 2001) . Even though these phagocytosing cells lack known receptors for direct allorecognition, they play an important role in transplantation and rejection by initiating and Figure 6 Density of B-cells in myometrium (a) and endometrium (b) of grafted and native uteri mouse on D2, D5 and D10 after transplantation.
Filled circles indicate median, bars indicate 10 -90% range and boxes indicate 25 -75% range. n ¼ 5 at D2 and D5 and n ¼ 6 at D10.
Leukocyte subtypes in uterus rejection mediating stimuli of the early inflammatory reaction that bridges over the adaptive immune response (Land, 2007) . In situations with certain cytokine deficiencies, neutrophils have been shown to be active effectors during acute rejection (Miura et al., 2003) . Infiltration of neutrophils into the transplanted uterus was also a major event in our experimental series with autotransplantation of the sheep uterus, where no rejection takes place (Wranning et al., 2008) . It may well be that the neutrophil invasion seen in the present study is partly the result of an effect of the surgical trauma. The time course of invasion of neutrophils and their function in rejection of transplanted organs have not been particularly well studied before, although this cell type has been described in biopsies of human kidney grafts during rejection (Wakabayashi et al., 1986) . In the present study, we observed an influx of neutrophils into the grafted uterus that took place from D5 to D10 post-transplantation. This indicates that neutrophils play a role in the early events during acute rejection of a uterine allograft, as a non-specific event in the inflammatory reaction (Land, 2007) .
Macrophages, the tissue bound and activated form of circulating monocytes are present at relatively constant densities in most organs. However, in the ovary (Brannstrom et al., 1993 (Brannstrom et al., , 1994 and the uterus (Keenihan and Robertson, 2004) , their density and localization vary greatly depending on the stage of the reproductive cycle. In the present study, an increased density of macrophages was seen in grafted uteri when compared with native uteri at all time points except D2 in the endometrium. A wide variation in macrophage density in the endometrium of the graft at D2 may reflect individual differences in the inflammatory response between animals. Even though all transplantations were performed by the same person, there are variations in the surgical performance from day to day that will lead to variations in the intensity of the post-operative inflammation. Also, since the animals were not hormonally synchronized prior to surgery, it can be assumed that the hormonal state differed between animals. As the density of resident immune cell populations in the uterus varies with the hormonal status during the cycle (Chegini et al., 2002) and progesterone has an anti-inflammatory effect (Gibson et al., 2005) , this may also affect the magnitude of post-transplantation inflammation. In future studies, estrous-cycle synchronization of the donor and recipient by GnRH (Vickery and McRae, 1980) or by inducing pseudopregnancy by mating (Olofsson and Selstam, 1988) would be an option to possibly decrease variations in inflammation or other facets of rejection.
During rejection of solid organs, macrophages seem to have a specific role in enhancing the rejection process. For example, in human cardiac allografts, an increase in the number of infiltrating monocytes/macrophages was seen at increasing grades of rejection (Ahmed-Ansari et al., 1988) . However, in the latter study, the total numbers of these cells were only 10% of the number of T-cells. Considerably higher numbers of monocytes/macrophages are seen in rejection of liver allografts, as studied in non-human primates (Donato et al., 1993) and in mice (Zhang et al., 1996) . Moreover, in a rat model for studies of rejection of the transplanted small intestine, it was shown that a majority of the immune cells in the intestinal mucosa are macrophages (Clark et al., 1990; Zhang et al., 1996) . In the present study, macrophages accounted for 20% of the leukocyte population and the majority of the immune cells in the rejecting grafts were T-cells. The above data indicate that there are quite large organspecific differences in macrophage infiltration during rejection and that the uterus roughly resembles the heart in this respect (Ahmed-Ansari et al., 1988) .
In the present study, the most abundant leukocytes during rejection were found to be T-cells but the invasion of these cells was initiated somewhat later than the invasion of neutrophils and macrophages. Neither CD8 þ T-cells nor CD4 þ T-cells were increased in grafted uteri when compared with corresponding native uteri at the D2 time point but from D5 a pronounced increase was seen. In an earlier study (El-Akouri et al., 2006) , we found an early (D2) increase in CD3 positive cells in the myometrium. The lack of increase in CD4 þ T-cells and CD8 þ T-cells at this time point in the present study indicates that other subtypes of lymphocytes are recruited to the myometrium at this time. The CD3 antigen is also present on other subtypes of T-cells such as natural killer T-cells. The delayed invasion of CD4 þ T-cells and CD8 þ T-cells is most likely a result of their activation by APCs and subsequent proliferation prior to tissue invasion and destruction, as these events take several days to occur.
In the present study, we found that the absolute number of CD8 þ T-cells was considerably higher than the number of CD4 þ T-cells from D5. The predominance of the CD8 þ T-cells is also indicated by the rise of the CD8 þ T-cell to CD4 þ T-cell ratio. This is in line with a study using DBA/2 mouse as heart donor and C57Bl/6 mouse as recipient showing a predomination of CD8 þ T-cells in the rejecting cardiac allografts (Bishop et al., 1992) . In a follow-up study, treatment with anti-CD4 monoclonal antibody inhibited infiltration of both types of T-cells but only the CD4 þ T-cells, although fewer in number, were demonstrated to be necessary for rejection (Bishop et al., 1993) . This dominant role of CD4 þ T-cells in rejection may be coupled to its facilitating role in stimulation of proliferation of the CD4 þ T-cell itself as well as of CD8 þ T-cells.
The predominance of CD8 þ T-cells in rejection was also shown in human renal allografts (McWhinnie et al., 1986) , and this is supported by other studies that find that CD8 þ T-cells are more frequent than CD4 þ T-cell in renal graft (Platt et al., 1982; Hancock et al., 1983) .
A study of human cadaveric renal transplantation showed that a high CD4 þ /CD8 þ T-cell ratio post-transplantation is a predictor for milder rejection and thereby enhanced graft survival (Stelzer et al., 1984) . A similar result was shown in a previous study on uterus transplantation where the effect of CyA was tested in a model where C57Bl/6 mice received uteri from F1 hybrid (C57Bl/6 Â CBA) mice (Wranning et al., 2007b) . In that study, the number of CD8 þ cells was found to be higher in the two semi-allogenic groups receiving CyA compared with the semi-allogenic vehicle group, possibly reflecting a CyA-dependent depression of activation-induced cell death of CD8 þ cytotoxic T cells (Cebecauer et al., 2005) . The density of infiltrating cell T-lymphocytes into the grafts of untreated animals in the latter study was somewhat lower than that of the present study, possibly reflecting the fact that a semi-allogenic model was used (Wranning et al., 2007b) . Also, in that study, a non-steroid anti-inflammatory agent was used as analgesia and it has been shown that cyclooxygenase inhibitors can partly suppress rejection . The role for B-cells in rejection of transplanted solid organs is gaining increasing attention (Zarkhin et al., 2008) . Clinical observations show that B-cells are found in rejecting kidney transplants, and infiltration of B-cells is associated with a worse clinical outcome in acute rejection of renal allografts (Hippen et al., 2005) , and gene-profiling studies on renal biopsies from patients with acute rejection have shown that the gene-expression profiles correspond to that of B-cells (Sarwal et al., 2003) . It seems that in severe hyperacute and acute rejection, there is a major involvement of B-cells and their antibodies, together with the complement system which is activated after the reperfusion damage. It has also been shown that antibody production is important in chronic rejection (Wasowska et al., 2007) . However, in the present study, the density of B-cells was low in comparison with most other leukocyte subtypes studied with no change over time, and no differences between endometrium and myometrium or between the native and the transplanted uterus in the same animal could be detected, even though the inter-individual variations in both the grafted and native uterus were high. The finding of low numbers of tissue-bound B-cells in rejection, with no correlation to severity of rejection, is in line with the observations of rejection of other solid organs, such as the heart (Ahmed- Ansari et al., 1988) . These findings might again reflect organ differences in leukocyte infiltration during acute rejection.
As stated above we found in a semi-allogenic model that the macroscopic and microscopic signs of rejection were suppressed but not abolished by CyA (Wranning et al., 2007b) . Our findings in the present and previous study lead us to suggest that an immunosuppressant candidate after uterine transplantation could be a calcineurin inhibitor, in combination with cortisone. We also suggest that further study in this area should be performed before any human trial.
In conclusion, the present study describes a time-and site-specific infiltration of particular leukocyte subtypes during acute rejection of a mouse uterus allograft. The first immune cells to infiltrate the uterus are the macrophages and the neutrophils. This early wave of infiltration is later followed by invasion of T-cells with a predominance of the CD8 þ T-cells. This knowledge is important for the development of future strategies to suppress acute rejection episodes in a transplanted uterus.
